Qutrits (i.e., three-level quantum systems) can be used to achieve many quantum information and communication tasks due to their large Hilbert spaces. In this work, we propose a scheme to transfer an unknown quantum state between two flux qutrits coupled to two superconducting coplanar waveguide resonators. The quantum state transfer can be deterministically achieved without measurements. Because resonator photons are virtually excited during the operation time, the decoherences caused by the resonator decay and the unwanted inter-resonator crosstalk are greatly suppressed. Moreover, our approach can be adapted to other solid-state qutrits coupled to circuit resonators. Numerical simulations show that the high-fidelity transfer of quantum state between the two qutrits is feasible with current circuit QED technology.
Introduction
Circuit quantum electrodynamics (QED), consisting of microwave resonators and superconducting (SC) qubits (i.e., two-level quantum systems), is considered as one of the most promising candidates for quantum information processing (QIP) [1] [2] [3] [4] and quantum simulations [5] [6] [7] [8] . SC qubits have been employed as a testing platform for quantum computation and QIP due to their significantly increased coherence times, controllability, scalability, and interfaceability [9] [10] [11] [12] [13] [14] [15] [16] [17] . SC qubits based on Josephson junctions are mesoscopic element circuits like "artificial atoms", with multiple discrete energy levels whose spacings can be rapidly adjusted by varying external control parameters (e.g., magnetic flux applied to the superconducting loop of a superconducting phase, transmon, Xmon, or flux qubit; see, e.g., [11, [18] [19] [20] ). In circuit QED, the third level of SC artificial atom has already been used to implement a number of fundamental tasks in QIP [15, [21] [22] [23] [24] [25] [26] [27] [28] [29] , and the leakage errors of a SC qutrit have been efficiently reduced in experiments [30] . Furthermore, the preparation of a ground state [31, 32] or an arbitrary three level superposition state [33] for a SC qutrit has also been demonstrated.
On the other hand, quantum state transfer is an essential primitive in QIP and quantum communication. Over the past years, a great many of theoretical proposals have been proposed for realizing SC qubit-to-qubit quantum state transfer based on cavity/circuit QED [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Moreover, the quantum state transfer between the SC qubits has been experimentally demonstrated in circuit QED. For instance, Refs. [44] [45] [46] experimentally demonstrated quantum state transfer between two SC qubits through a resonator. Ref. [47] realized the SC qubit-to-qubit quantum state transfer assisted with SC microwave resonators. In these proposals, the resonator acts as a quantum data bus to mediate long-range and fast interaction between SC qubits.
The transmission of an unknown quantum state between two solid-state qutrits is still an open problem in QIP. Hitherto, the previous works are mainly focused on the quantum state transfer from one qubit to another qubit [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Few proposals are related to quantum state transfer between qutrits and there is no experimental study is reported for the qutrit-to-qutrit quantum state transfer in circuit QED. Recently, the probabilistic transfer of qutrit state between particles via a spin chain has been presented [48] , and a method has been proposed for deterministic transfer of a qutrit state assisted by the high-Q microwave resonators [49] . In this paper, we propose a scheme to achieve an unknown quantum state transfer between two flux qutrits coupled to two SC coplanar waveguide resonators (Fig. 1) . The three levels of qutrit j are denoted as |g j , |e j and |f j (j = 1, 2) [ Fig. 2 ]. The quantum state transfer from qutrit 1 to qutrit 2 is expressed as
where α, β and γ are the normalized complex numbers; the subscripts 1 and 2 represent qutrits 1 and 2. This proposal has the following features and advantages: (i) The quantum state can be deterministically transferred without measurements; (ii) Because the resonator photons are virtually excited for during the operation time, the decoherences caused by the resonator decay and the unwanted inter-resonator crosstalk are greatly suppressed; (iii) This approach is quite general because it can be applied to accomplish the same task with other solid-state qutrits coupled to circuit resonators; (iv) Through the numerical analysis, we discuss the possible experimental implementation of our proposal and show that the average fidelity could reach 99.2%. This paper is organized as follows. In Sec. 2, we show how to transfer an unknown state between two SC flux qutrits. In Sec. 3, we discuss the possible experimental implementation of our proposal and numerically calculate the operational fidelity for transferring the state from flux qutrit 1 to qutrit 2. A concluding summary is given in Sec. 4.
Quantum state transfer between two qutrits
Consider a system which consists of two flux qutrits connected by two resonators [ Fig. 1 ]. As shown in Fig. 2 (a,b) , resonator a (b) is off-resonantly coupled to the |g ↔ |e (|g ↔ |f ) transition of qutrit j with a coupling constant g j (µ j ). Here, j = 1, 2. Suppose that qutrit 1 is initially in an unknown state (α|g 1 + β|e 1 + γ|f 1 ), qutrit 2 is in the state |g 2 and two resonators are in the vacuum state |0 a |0 b . In the interaction picture, the Hamiltonian of the whole system can be written as (in units of = 1)
where σ
is the |g ↔ |e (|g ↔ |f ) transition frequency of qutrit j and ω a (ω b ) is the frequency of resonator a (b).
Consider the large detuning conditions δ j ≫ g j and ∆ j ≫ µ j . It is straightforward to show that the Hamiltonian (2) changes to (for details, see
Ref. [50] )
where
). As mentioned previously, resonators a and b are initially in the vacuum state, and we set
Then the Hamiltonian (3) reduces to
with
Note that the Hamiltonians (6) and (7) do not contain the operators of the resonators. Thus, each resonator remains in the vacuum state. In a new interaction picture under the Hamiltonian H 0 and we set
that is g 1 = g 2 = g and µ 1 = µ 2 = µ according to Eq. (4), which can be achieved by a prior design of the sample with appropriate capacitances C 1 and C 2 . Thus, one can obtain
In addition, we set
one can obtain λ 1 = λ 2 = λ. Therefore, the Hamiltonian (7) can be expressed as
Based on Hamiltonian (11) and after returning to the original interaction picture by performing a unitary transformation e −iH 0 t , the following state evolution can be obtained
When the evolution time t is equal to π/2λ, one obtains the transformations |g 1 |g 2 → |g 1 |g 2 , |e 1 |g 2 → −|g 1 |e 2 , |f 1 |g 2 → −|g 1 |f 2 simultaneously. Consequently, we have the following state transformation
Adjust the level spacings of each qutrit such that it is decoupled from the two resonators. Then apply a microwave pulse to qutrit 2. The pulse is resonant with the |e ↔ |f transition of qutrit 2 [ Fig. 2(c) ]. The Hamiltonian in the interaction picture is written as
where Ω is the Rabi frequency of the microwave pulse. One obtains the following rotations under the Hamiltonian (14),
We set t 2 = π/Ω to obtain a π rotation by |e 2 → −|e 2 and |f 2 → −|f 2 . Hence, we can obtain −|g 1 |e 2 → |g 1 |e 2 and −|g 1 |f 2 → |g 1 |f 2 . Hence, it follows from Eq. (13) (
which shows that the original superposition state of qutrit 1 is perfectly transferred to qutrit 2 after the above operation.
Possible experimental implementation
When the inter-resonator crosstalk is taken into account, the Hamiltonian (2) becomes H I,1 = H I,1 + ǫ, where ǫ describes the unwanted interresonator crosstalk, given by ǫ = g ab (e i∆ ab t ab + +h.c.), with the inter-resonator crosstalk coupling strength g ab and the two-resonator frequency detuning ∆ ab = ω b − ω a . In addition, we also consider the inter-resonator crosstalk coupling during the qutrit-pulse resonant interaction. Therefore, the Hamiltonian (14) is modified as H I,2 = H I,2 + ǫ.
When the dissipation and the dephasing are included, the dynamics of the lossy system is determined by the following master equation
where H I is H I,1 or H I,2 above, σ
Here, κ a (κ b ) is the photon decay rate of resonator a (b). In addition, γ eg j is the energy relaxation rate of the level |e of qutrit j, γ f e j (γ f g j ) is the energy relaxation rate of the level |f of qutrit j for the decay path |f → |e (|g ), and γ j,ϕe (γ j,ϕf ) is the dephasing rate of the level |e (|f ) of qutrit j (j = 1, 2).
The fidelity of the operation is given by F = ψ id | ρ |ψ id , where |ψ id is the output state |g 1 |0 a |0 b (α|g 2 + β|e 2 + γ|f ) 2 of an ideal system (i.e., without dissipation, dephasing, and crosstalk); while ρ is the final density operator of the system when the operation is performed in a realistic situation.
We now numerically calculate the fidelity of operation. Without loss of generality, consider identical flux qutrits. For SC flux qutrits, the transition frequency between two neighbor levels is 1 to 30 GHz. Thus, we choose ω eg /2π = 3.5 GHz and ω f g /2π = 8.8 GHz. In addition, we set δ/2π = 1.0 GHz and ∆/2π = 0.8 GHz. For the setting here, we have ω a /2π = 2.5 GHz, Here we consider a rather conservative case for the decoherence times of flux qutrits [16, 17] .
In Fig. 3(a,b) , we will consider the case of α = β = γ = 1/ √ 3 and
For the parameters chosen above, the fidelity versus D = δ/g is plotted in Fig. 3(a,b) for κ −1 = 0.1 µs, 1 µs, 10 µs. Here, we choose κ Fig. 3 (a) [3(b) ] shows that when D = 10, the fidelity value is the optimum and a high fidelity 99.34%, 99.44%, 99.45% (99.56%, 99.61%, 99.62%) can be obtained for the resonator coherence times 0.1 µs, 1 µs, 10 µs, respectively. Thus, we choose D = 10 in the following analysis. For D = 10, we have g/2π = 100 MHz and µ/2π = 80 MHz because of Eq. (8) . In this case, the estimated operation time is ∼ 0.19 µs. The values of g and µ here are readily available in experiments [52] . In Figs. 3-5 , we choose g ab = 0.1g, which is readily satisfied in experiments [53] .
For the resonator frequencies and the values of κ −1 ∈ {0.1 µs, 1 µs, 10 µs} used in the numerical calculation, the required quality factors {Q a ,Q b } for the two resonators are {1.57 ×10 3 , 5.02 ×10 3 },{1.57 ×10 4 , 5.02 ×10 4 },{1.57 × 10 5 , 5.02 × 10 5 }, respectively. Note that SC coplanar waveguide resonators with a loaded quality factor Q ∼ 10 6 [54, 55] or with internal quality factors above one million (Q > 10 7 ) have been previously reported [56] . Recently, a SC microwave resonator with a loaded quality factor Q ∼ 3.5 × 10 7 has been demonstrated in experiments [57] . Fig. 3(a,b) shows that the state-transfer operation can be high-fidelity performed assisted by the low-Q resonators.
In Fig. 4 , we numerically calculate the fidelity of state-transfer operation for a large number of randomly chosen initial states and give the resulting distribution of output fidelities. We set α = 1 − γ 2 sin θ and β = 1 − γ 2 cos θ with γ ∈ [0, 1] and θ ∈ [0, 2π]. Figure 4 shows the fidelity versus γ and θ, which is plotted for D = 10 and κ −1 = 0.1 µs. From Fig. 4 , one can see that for γ ∈ [0, 1] and θ ∈ [0, 2π], the fidelity can be greater than 98.9%. Moreover, we calculate the average fidelity ∼ 99.2% for γ ∈ [0, 1] and θ ∈ [0, 2π]. Figure 4 also displays that the state-transfer operation can be high-fidelity performed assisted by the low-Q resonators.
Without losing the generality, we consider the case of inhomogeneous qutrit-resonator with g 1 = g 2 and µ 1 = µ 2 . For simplicity, we consider the case for α = β = γ = 1/ √ 3 in Fig. 5 . We set g 1 = g, µ 1 = µ but g 2 = cg, µ 2 = dµ, with c, d ∈ [0.95, 1.05]. one can see that for c ∈ [0.95, 1.05] and d ∈ [0.95, 1.05], the fidelity can be greater than 98.8%. Our numerical simulation indicates that the highfidelity implementation of a qutrit-to-qutrit state transfer is feasible with current circuit-QED technology.
Conclusion
We presented a scheme to transfer an unknown qutrit state in circuit QED. Our present proposal differs from the Refs. [48, 49] . First, compared with Ref. [48] , no measurement is required in our proposal. Second, compared with the previous method in Ref. [49] , our proposal can be realized with the high fidelity assisted by the low-Q resonators due to the virtually excited resonator photons during the operation time.
As shown above, because the resonator photons are virtually excited for during the operation time, the decoherences caused by the resonator decay and the unwanted inter-resonator crosstalk are greatly suppressed. In addition, our approach is quite general because it can be applied to accomplish the same task with other solid-state qutrits coupled to circuit resonators. Our numerical simulation shows that the high-fidelity implementation of the qutrit-to-qutrit quantum state transfer is feasible with the state-of-the-art circuit QED technology. These will contribute to raising experimental enthusiasm for transferring an unknown qutrit state in the near future.
